ABSTRACT A novel adaptive method for the micro-electro mechanical systems (MEMSs) gyroscope based on a dynamic surface control and combined with the approach of adaptive fuzzy and sliding mode control (SMC) was shown in this paper. The first-order filter was introduced to the conventional adaptive backstepping technique in the dynamic surface control, which not only maintains the advantage of original backstepping technique, but also reduces the number of parameters and avoids the problem of parameter expansion. The adaptive fuzzy logic system is employed to approximate the dynamic characteristics of the gyroscope; the SMC is a kind of compensation for the error of the fuzzy approximation, which reduced the chattering phenomenon in adaptive control significantly. The proposed control scheme has improved the dynamic characteristics of the gyroscope, reducing the chattering of inputs and improving the timeliness and effectiveness of tracking. Simulation results indicate that the proposed control scheme has superior performance compared with conventional SMC.
I. INTRODUCTION
Micro-electro-mechanical systems (MEMS) gyroscopes are inertial sensors for measuring angular velocity which was frequently used in many fields such as inertial navigation, automobile and consumer electronics. However, considering the manufacturing errors, parameter uncertainties and external disturbances etc, which can cause deviations from the desired qualities and degrade the performance of MEMS gyroscope. Then advanced control methods need to be employed to compensate the fabrication imperfections and improve the system robustness against external disturbances.
During last several years, some control approaches have been proposed to regulate the MEMS gyroscope. Sung and Lee [1] derived a phase-domain design approach to study the mode-matched control of gyroscope. Leland [2] designed two adaptive controllers for a vibratory MEMS gyroscope that tune the drive axis natural frequency and drive the sense axis vibration to zero by force-to-rebalance operation. Raman et al. [3] developed a closed-loop digitally controlled MEMS gyroscope using unconstrained sigmadelta force balanced feedback control. Antonello et al. [4] used an extremum-seeking control to automatically match the vibration mode in MEMS vibrating gyroscopes.
Batur and Sreeramreddy [5] developed a sliding mode control for a MEMS gyroscope system. Dong et al. [6] proposed new approach to estimate the time varing angular velocity for the conventional mode of operation of gyroscopes.
Fuzzy control has achieved great practical successes in industrial processes and many other fields. Li et al. [7] put forward an adaptive fuzzy tracking control of MIMO stochastic nonlinear systems with unknown dead-zones using an observer. Tseng and Chen [8] proposed a fuzzy controller based on fuzzy observer to solve the nonlinear l ∞ gain control problems. Fei and Zhou [9] proposed an adaptive fuzzy sliding mode controller for a MEMS triaxial gyroscope. Backstepping control is an important tool for nonlinear system owing to the recursive and systematic controller design procedure for strict-feedback systems. A number of applications of backstepping method have been addressed over the past few decades [10] - [12] .
Although backstepping control can be applied to a wide range of systems, However, the explosion of complexity in the backstepping method remains unsolved, which was caused by repetitively differentiating intermediate control signals. Fortunately, the dynamic surface control (DSC) approach, proposed in [13] , effectively overcame such an algebraic loop problem by introducing a first-order filter in each step of the controller design procedure. A dynamic surface controller was shown to guarantee exponential regulation and bounded tracking error in the presence of Lipschitz mismatched uncertainties in strict feedback form in [14] . Several adaptive fuzzy or neural-backstepping DSC schemes have been developed for a class of uncertain nonlinear systems in strict feedback form in [15] - [18] . DSC approach has been applied for tracking control in dynamics systems such as flexible joint robots [19] , [20] .
In this paper, an adaptive fuzzy dynamic surface control (AFDSC) algorithm is designed to reduce the chattering and estimate the system dynamics. Different from [19] , we make it more simply by without limiting the bound of inputs and fuzzy controller was adopted to approximate the unknown dynamics iof the gyroscope, and the approximation errors are compensated by the sliding mode controller. The motivation of the study can be emphasized as follows:
(1).Adaptive fuzzy dynamic surface control is designed to regulate the MEMS gyroscope. The proposed control scheme possesses the merits of both dynamic surface control and fuzzy logic method. The parameters of the AFDSC controller can be adaptively updated based on the Lyapunov analysis and the stability of the closed-loop system can be guaranteed.
(2).This paper comprehensively combines dynamic surface control, adaptive fuzzy logic and sliding mode control. The fuzzy logic control was adopted to approximate the unknown dynamic characteristics of the MEMS gyroscope, and the approximation errors were compensated by the sliding mode controller. The proposed control scheme can track the reference trajectories within a very short time.
(3).The proposed control scheme has improved the dynamic characteristics of the gyroscope. In particular, the key feature of the algorithm, which removes the need for differentiations in the controller design and reduces the explosion of terms, is that due to the presence of the auxiliary firstorder filters. Chattering of inputs can be reduced compared to conventional sliding mode controller. The proposed controller both improves the system performance and enhances the system robustness against model uncertainties and external disturbances.
This paper is organized as follows. In section II, the dynamics of MEMS gyroscope and the adaptive fuzzy theory are described. An adaptive fuzzy dynamic controller is derived in the Lyapunov framework in section III. Simulation results are given in section IV. Finally, conclusions are provided in section V.
II. MODEL OF MEMS GYROSCOPE AND PREPARATIONS

A. MODEL OF MEMS GYROSCOPE
General z gyroscope consists of the following parts: a mass block, support springs along the x and y axis directions, an electrostatic driving device and an induction device, where the mass block vibrates along the direction of the driving axis driven by the electrostatic driving device; The sensing device can detect the displacement and velocity of the mass block in the direction of the inspection shaft.
In a z-axis gyroscope sensor, by supposing the stiffness of spring in z direction much larger than that in the x, y directions, motion of poof mass is constrained to only along the x-y plan as shown in (1) . Thus the mathematical model of the MEMS gyroscope can be expressed as:
Where x and y represent the displacements of the X axis and Y axis respectively. d xx , d yy are the flexible coefficients. k xx , k yy are damping coefficients, d xy , k xy are coupling parameters caused by machining errors. m is the quality of the gyroscope's mass. z is the angular velocity of mass rotation. u x , u y are the input control forces of the two axes. We give non-dimensional treatments for (1) . Divide the two sides of the equation by the quality of gyroscope m; reference quality q 0 ; the square of the natural or resonant frequency ω 2 0 . Then we can get the non-dimensional model:
where
Rewrite the MEMS gyroscope dynamics model in vector form as:q
Considering the model uncertainties and the external disturbance, the model can be rewritten as:
Where K , D are non-determinacy of the system parameters; d is the external disturbance.
The state equation can be showed like this:
where q 1 = q, q 2 =q In order to facilitate calculation, we can define:
Equation (5) can be written as:
where f is the dynamic characteristics of gyroscope, expressed as:
We introduce adaptive fuzzy theory, which we usef to approach the dynamic characteristics f of the MEMS gyroscope. The strategy of singleton fuzzification, productinference rule and center-average defuzzification are used in the adaptive fuzzy logic system. Assuming that the adaptive fuzzy system is composed of N fuzzy rules, the rules i can be described as:
Where µ i j is the membership function of
The output of the fuzzy system is:
Where
For fuzzy approximation of f ,f = ϕ 1 ϕ 2
T
, define the fuzzy function as:
Define optimal parameter vector θ * as
We can obtain:
Where ε is the approximation error of the fuzzy system. Then we can get
Whereθ =θ − θ * . Assumption 1: For a given arbitrary small constant ε, the following conditions are satisfied as:
f − ξ T (x)θ * ≤ ε and − 1 2 ≤ |ε| max − η ≤ 0 with the same time, where η is a positive constant.
III. ADAPTIVE FUZZY DYNAMIC SLIDING MODE CONTROLLER
In the whole system, the adaptive fuzzy logic control, and dynamic surface are used. The basic idea of dynamic surface is similar to the backstepping. The adaptive fuzzy logic algorithm is an approximation to the dynamic characteristics of the gyroscope; the sliding mode controller is used to compensate for the error of the fuzzy approximation, which reduces the chattering phenomenon in adaptive control.
The overall design block diagram is designed as Fig. 2 : 
A. DESIGN METHOD OF DYNAMIC SURFACE CONTROLLER
Define position error:
It is desired to track the reference command x 1d with given initial conditions. Then the derivative of (12) can be written as:
Defined the first Lyapunov function: V 1 = z 2 1 /2 Then the derivative of Lyapunov function V 1 can be written as:
In order to obtainV 1 = z 1 (x 2 −ẋ 1d ) ≤ 0, we definex 2 as the virtual term of x 2 , we can design:
where c 1 is a non-zero positive constant. In order to overcome the ''explosion of terms'' problem caused by repeated differentiations, a first-order low pass filters was introduced. The output of the first-order low pass filters 1/(τ s + 1) aboutx 2 is defined as α 1 , satisfying the following condition:
where τ is a non-zero positive constant. Then we can get:α
The filtering error can be defined as:
Define the error of virtual control as:
Substituting (6) into (19) yieldṡ
The second Lyapunov function V 2 can be chosen as:
Where z 2 is the error of virtual control. In order to obtaiṅ
The control law can be designed as:
Then we use fuzzy systemf to approach the f , the control law can be rewritten as:
Where c 2 is a non-zero positive constant, the sliding mode term ηsgn(z 2 ) is a kind of compensation for the error of the fuzzy approximation, η is a positive constant.
B. STABILITY ANALYSIS
Define a Lyapunov function candidate as:
Where z 1 is the tracking error of position, z 2 is the error of virtual control term, y 2 is the error of low pass filters,θ is the approximation error of adaptive fuzzy systems, and γ is a positive constant.
Define V a = z 2 1 /2 + z 2 2 /2 + y 2 2 /2, the Lyapunov function V can be written as:
Remark: Assuming V a (0) ≤ p, V (t) ≤ l, where p and l are non-zero positive constants respectively. When V a = p, then we can get V a = z 2 1 /2 + z 2 2 /2 + y 2 2 /2 = p, V (0) ≤ l. The derivative of Lyapunov function can be written as:
We havė
Substituting (28), (29) and (30) into (27) yieldṡ
Simultaneously:
Equation (33) shows that B 2 is a function of z 1 , z 2 , y 2 andẍ 1d . Assume the bound of B 2 is M 2 , we can get B 2 2 /M 2 2 − 1 ≤ 0. If we choose
Then (32) can be rewritten as:
Choose r ≥ 1 4p , (34) can be rewritten as:
If we select − 1 2 ≤ |ε| max − η ≤ 0 and the adaptive law as :
Substituting (36) in (35) yieldṡ
SinceV ≤ 0,V is negative semidefinite which ensures that z 1, z 2 and y 2 are bounded. From (34), according to assumption 1 we can get: 2 and y 2 will asymptotically converge to zero as t → ∞.
IV. SIMULATION STUDY
In this section, the simulation example of the MEMS gyroscope will illustrate the feasibility of the proposed method and the control performances. In order to prove the validity and advantages of the proposed method in this paper, the proposed controller is carried out by using Matlab/Simulink.
Parameters of the adopted MEMS gyroscope sensors [5] The initial conditions of the MEMS gyroscope are set:
The resonant frequency noise is taken into account as:
To implement the fuzzy system, membership functions are chosen as:
During the design process, the related parameters involved are selected as: The adaptive law is designed as (36), while the control law is (24). From Fig. 3 and Fig. 4 we can see the proposed AFDSC method is better than the common sliding mode control method regarding the tracking speed. The proposed controller can track the reference signals at 0.2 seconds well while the common SMC method needs more than 4 seconds to reach the steady state. The effect in reducing input chattering using the proposed AFDSC method is more obvious than the common SMC method shown by Fig. 5 and Fig. 6 . What's more, from Fig.7 we can see the orders of magnitude of error are less than 10 −3 for both axes in the proposed controller. Adaptive parameters of θ depicted in Fig. 8 show that the parameters of the proposed controller are stable.
V. CONCLUSION
In this paper, a new adaptive control scheme combined a dynamic surface control with a fuzzy control was proposed for MEMS gyroscope systems. Fuzzy logic control was adopted to model the dynamic characteristics of gyroscope, and the approximation errors were compensated by the sliding mode controller. The parameters of the DSC controller can be adaptively updated based on the Lyapunov analysis and all errors were shown to be bounded with the proposed control strategy. Compared to the conventional sliding mode controller, the superiority of the proposed AFDSC was indicated by simulation results, demonstrating not only the guaranteed performance stability but the good tracking speed as well.
